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This paper presents a comparative study of performance of six prominent modifications on
the basic trans-critical CO2 refrigeration system to investigate their suitability to high am-
bient temperature application (35–55 °C). To explore the application in chiller, domestic
refrigeration and air cooling the evaporator temperature chosen are 10 °C, 0 °C and 10 °C
respectively. In general the cycle modifications have a positive effect on the overall COP of
the system. However, to comprehend practicability of these modifications for three appli-
cation areas, a few other parameters which affect design and operation are also included in
the study. These are compressor discharge pressure and temperature, mass flow rate, in-
terstage pressure for multi-stage operation and exergy destruction. Effect of real time con-
straints like approach temperature, pressure drop in gas cooler, compressors efficieny, degree
of superheat, expanders efficiency and effectivenesss of intermediate heat exchanger are also
incorporated. Interrelation between these parameters are brought out from the study.
& 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
CO2, a natural refrigerant, is considered to be safe, economical and environmentally sustainable. It is also projected as one
of the best choices, both for heating and cooling applications [1]. The state of the art basic CO2 refrigeration system (Fig. 1a)
has a rather low COP. Research is in progress to improve the efficiency of the trans-critical CO2 system to a level comparable
to present day commercial systems. A large number of modifications are feasible in basic trans-critical CO2 refrigeration
cycle to improve the performance of the system and adapt to the various working conditions. Researchers are also working
on various application areas like automotive air conditioning, heat pump water heater, commercial refrigeration system,
large commercial space cooling etc. Researchers have worked on a range of operating temperature and pressure and re-
ported various degrees of success in improving COP of the system. Literature survey reveals many system modifications
explored by researchers. In this paper, we have compiled from literature six prominent modifications suggested on trans-
critical CO2 refrigeration cycle and analyzed and compared the same for high ambient temperature application (typical
Indian conditions). The unique challenges and opportunities associated with a high ambient temperature operation are
associated with distinctive properties of CO2 above the critical temperature and highlighted [2]. Six modification of trans-
critical CO2 refrigeration cycle are explored in Indian conditions and compared with basic cycle. A comparative study on
energy and exergy analysis is also included.an open access article under the CC BY-NC-ND license
.
ni.ac.in (S. Singh).
Fig. 1. Trans-critical CO2 refrigeration cycles.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91 79Thermodynamic model of the trans-critical CO2 refrigeration cycle with and without expansion turbine was explored by
many researchers [3–7]. A concept of multi-staging of trans-critical CO2 refrigeration system using inter-cooler (IC) is also
explored [4,8]. For multi-staging, it is reported that the system efficiency improves if identical pressure ratio is maintained
in both the stages across the IC. Trans-critical CO2 refrigeration system with internal heat exchanger (IHX) was also in-
vestigated [4,8–12]. Increment in system's COP with increment in length of IHX is reported. Refrigeration cycle's perfor-
mance enhancement is also reported [13]. These studies have been reported at various operating conditions. In our study,
we have incorporated all the above cycle performance improvement strategies for a high ambient temperature conditions,
revealed in Indian context. The effect of real time constraints like approach temperature, pressure drop in gas cooler,
compressors efficieny, superheating of vapors after evaporator, expander efficiency and effectivenesss of intermediate heat
exchange are also incorporated and observed its effect on the systems COP. We envisaged three application areas, namely
chillers, domestic refrigerator and air cooling and accordingly reported our result for three different evaporator tempera-
tures 10 °C, 0 °C and 10 °C.2. Modifications of trans-critical CO2 refrigeration cycles
System schematic diagram and corresponding p-h diagrams of various cycle modifications are shown in Fig. 1(b)-(g). The
p-h diagrams are developed using REFPROP.
Fig. 1b shows incorporation of IHX in basic trans-critical CO2 refrigeration cycle. IHX is used in the cycle to increase the
degree of sub cooling at the gas cooler outlet, which enhances the refrigerating effect at the evaporator. On the other hand,
due to the superheating degree with the internal heat exchanger, work input for compressor also increases.
Fig. 1c shows work recovery expander, incorporated in the basic trans-critical CO2 refrigeration cycle replacing expansion
valve. The expander is used in the cycle for mechanical power generation, which can be further utilized for partially driving
the compressor. The power generated contributes towards decreasing the system's overall power consumption. The initial
investment is higher and an additional issue of gainful utilization of the work generated needs to be addressed.
Fig. 1d shows cycle incorporating IHX with work recovery expander in basic trans-critical CO2 refrigeration cycle. This
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–9180configuration contributes towards increase in the refrigeration effect by increasing both the sub cooling of vapors at the exit
of the gas cooler and mechanical power generation by work recovery expander.
Fig. 1e shows the incorporation of multi-stage compressor in basic trans-critical CO2 refrigeration cycle along with IC
using air as external fluid. Work input to the compressor 2 (Fig. 1e) is reduced due to a reduction in the specific volume of
the refrigerant caused by cooling of vapor.
Fig. 1f shows the introduction of FGI in the basic trans-critical CO2 refrigeration cycle. The function of FGI is to interrupt
the vapor at inter stage pressure and de-superheat the vapor back to the saturation line which reduces the compression
effort by compressor 2 (Fig. 1f).
Fig. 1g shows the introduction of FGB in the basic trans-critical CO2 refrigeration cycle. The function of FGB is to increase
the refrigeration effect, reducing the amount of flash gas in the evaporator. It reduces the effort of compressor 1 (Fig. 1g) and
their by reduces the power consumption of the system.3. System modeling
Steady flow energy equation, mass balance and exergy equations are used to make a simulation based study for com-
parative analysis of various modification options of trans-critical CO2 refrigeration system at high ambient temperature
(typical Indian conditions). The basic cycle and its six major modifications are analyzed to identify their effect on COP at high
ambient temperature. In multi-stage trans-critical CO2 refrigeration cycle, the choice of intermediate pressure is also very
important in improving COP. However, for the systems using FGI and FGB, the intermediate pressure is optimized si-
multaneously along with the gas cooler pressure.
In practice this will call for a robust control system to be implemented.
In order to simplify the computational modeling, following assumptions are made:
 Heat loss to the surroundings is negligible.
 Single phase heat transfer occurs with the external fluid in IC.
 Evaporation, gas cooling and intercooling processes are isobaric.
3.1. Energy analysis
Analysis of the components of trans-critical CO2 refrigeration cycle is done by using the following equations:
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3.2. Exergy analysis
Exergy analysis of the components of trans-critical CO2 refrigeration cycle is done by using the following equations:
Irreversibility of compressor and expander
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Based on Eqs. (1)–(37), simulated models are constructed for the six modifications of trans-critical CO2 refrigeration cycle
in MATLAB. The program takes refrigerant data from REFPROP (9.0) automatically during computation. The simulations are
so designed as to extract the maximum COP and corresponding operating parameters (COP, discharge pressure, compressor
discharge temperature, mass flow rate, interstage pressure, geometrical mean interstage pressure and total exergy de-
struction) for complete range of gas cooler outlet temperature and pressure. The evaluation of all investigated cycles in our
work is for same cooling capacity of 10 KW or 3.12 t. The upper limit of the inter-stage pressure for FGB and FGI multistage
systems are restricted below the critical pressure. However, in IC multi-stage system, the inter-stage pressure is kept free to
optimize below or above the critical pressure corresponding to maximum COP.
Table 1
Variables and constants used in simulation.
Parameters Value/range
Evaporator temperature 10 °C, 0 °C, 10 °C
Gas cooler outlet temperature 35–55 °C
Compressor outlet pressure 8–12 MPa
Appraoch temperature 0 °C
Pressure drop in gascooler 0 MPa
Isentropic efficiency of compressor 70%
Isentropic efficiency of expander 60%
Effectiveness of IHX 70%
Superheating at compressors outlet 0 °C
Fig. 2. Variation of COP with gas cooler outlet temperature.
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The range and values of the variables and constants used in the simulation based study is listed in Table 1.
4.1. Variation of COP
Fig. 2 shows the variation of the COP with gas cooler outlet temperature for the different evaporator temperatures. The
approach temperature is taken to be zero implying the ambient air temperature to be equal to the gas cooler outlet
temperature.
Fig. 3. Variation of discharge pressure with gas cooler outlet temperature.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91 83Observations made from the study of variation of COP with gas cooler outlet temperature are as follows:
 A sharp decrement in system's COP is observed with increasing gas cooler outlet temperature across all evaporator
temperature. This can be attributed to the fact that increase in gas cooler outlet temperature lead to increase in throttling
losses which results into higher reversibility.
 With increase in evaporator temperature the pressure lift that is the difference between evaporator pressure and gas
cooler pressure decreases, both due to rise in evaporator pressure as well as marginal decrease in optimum gas cooler
pressure as observable in Fig. 3.
 Across the range, the COP of the system with work recovery is comparatively high due to work recovery in place of
throttling losses. Also, the performance of systems with IHX is comparatively higher with respect to basic system.
 Among the multi-stage systems, the performance of FGI is better at all evaporator temperatures due to the flash inter-
cooling in the system which results in less flash gas being available for second stage compressor as compared with FGB
system.4.2. Variation of optimum discharge pressure
One of the major challenges in trans-critical CO2 refrigeration cycle is requirement of higher discharge pressure at higher
ambient temperature. As the operating range for our simulation is 35–55 °C, we have operated the cycles for minimum
8 MPa gas cooler inlet pressure, below this range the cycle cannot be operated for full range of ambient temperature. Fig. 3
shows, the variation of optimum discharge pressure with gas cooler outlet temperature.
Observations made from the study of variation of recommended discharge pressure with gas cooler outlet temperature
for maximum COP are:
Fig. 4. Variation of compressor discharge temperature with gas cooler outlet temperature.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–9184 Near the critical temperature zone, the operating pressure of gas-cooler is 8 MPa for all the investigated systems.
 A sharp increment in compressor discharge pressure is observed with increase in gas cooler outlet temperature beyond
the critical temperature. As the evaporator temperature increases, there is a marginal decrease observed in discharge
pressure.
 At high ambient temperature, the discharge pressure is found to be the lowest for the systems using expander with IHX.
Also, the systems with IHX are found to have comparatively lower discharge pressure then rest. This is due to the fact that
for a fixed cooling capacity, a lower mass flow rate results in lower operating pressure.
 For high evaporating temperature, the discharge pressure for FGB and FGI multi-stage systems are found to be similar and
they also exhibits similar behavior as the basic system.
In all investigated cases, the discharge pressure for multi-stage systems with IC are found to be comparatively higher
because the optimum interstage pressure is near or above the critical point. Which results in higher operating pressure due
to the typical S-shaped isotherms of CO2.
4.3. Variation of compressor discharge temperature
Fig. 4 shows the variation of compressor discharge temperature with gas cooler outlet temperature. The compressor
discharge temperature plays a vital role in the evaluation of component design and system performance. In practical sys-
tems, the quality of lubricating oil degrades at high discharge temperatures. This results in reduction in compressor
performance.
Observations made from the variation of compressor discharge temperature with gas cooler outlet temperature for
maximum COP are:
 The compressor discharge temperature is found to be higher for the systems with IHX for all the three evaporator
temperatures. This is ascribed to the super-heating effect to the vapors at the suction port of the compressor. However,
Fig. 5. Variation of mass flow rate with gas cooler outlet temperature.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91 85these systems are also found to have a comparatively better performance for all operating parameters.
 It is observed that for all the evaporator temperatures, in FGB and FGI multi-stage systems, the discharge temperature of
second stage compressors decreases slightly near the critical region, and then there is a sharp increment. The unique
properties of CO2 above the critical point are the most likely reason for the same.
 The discharge temperatures are found to be nearly similar for both the compression stages of the IC multi-stage system
due to the higher optimized interstage pressure as discussed in article 3.
4.4. Variation of mass flow rate
The mass flow rate of the system significantly influences the optimum operating pressure of the gas cooler. Fig. 5 shows
the variation of mass flow rate with gas cooler outlet temperature.
Observations made from the variation of mass flow rate with gas cooler outlet temperature for maximum COP are:
 To attain desired cooling capacity, the lower mass flow rate is required for the system with IHX. This is due to the
presence of sub-cooling in IHX. This in-turn reduces the gas cooler operating pressure as seen in Fig. 3.
 In a system with IC and a system with expander, the mass flow rate is found to be nearly same as the basic system. In
systems with expander, due to imposed isentropic efficiency of expander, the mass flow rate does not show improvement
from basic cycle. In system with IC, for reduction in mass flow rate more effective external fluid in place of ambient air
cooling can be explored.
 In FGB and FGI multi-stage systems, the mass flow rate in the first stage is observed to increase with increase in eva-
porator and gas cooler outlet temperatures. In second stage, the mass flow rate fluctuates for all the three evaporator
temperatures. Note that for both FBB and FGI the systems, the mass flow rate in second stage is comparatively higher than
that in first stage due to the vapor coming from the flash chamber.
Fig. 6. Percentage deviation in optimized interstage pressure with geometrical mean interstage pressure for multi-stage systems.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91864.5. Deviation in optimized interstage pressure with geometrical mean interstage pressure for multi-stage systems
There is an important role of interstage pressure in optimizing multi-staging as discussed in article 3. The percentage
deviation is calculated by using the following equation:
=
−
×
( )
⎛
⎝
⎜⎜
⎞
⎠
⎟⎟D
P P
P
100
38
int gm
gm
The percentage deviation in inter-stage pressure of IC, FGB and FGI with increase in gas cooler outlet temperature is
shown as in Fig. 6.
Observation from the percentage deviation in optimized interstage pressure with geometrical mean interstage pressure
for multi-stage systems for maximum COP are as follows:
 Below the critical temperature of CO2, the deviation lines coincides for FGB and FGI systems for all three evaporator
temperatures. Above critical temperature the deviation line for FGB rapidly goes down compared to that of FGI however
both have a similar trend of steadily decreasing with increase in gas-cooler outlet temperature (ambient temperature).
 In IC multi-stage system, pressure deviation steadily increases with increase in gas cooler outlet temperature, for all three
evaporator temperatures. As the evaporator temperature increases, the deviation decreases for complete gas cooler outlet
temperature.
4.6. Exergy destruction
Exergy analysis is used for evaluating refrigeration systems based on the second law of thermodynamics. The variation of
total exergy destruction with gas cooler outlet temperature is shown as in Fig. 7.
Observation from the total exergy destruction with gas cooler outlet temperature for maximum COP are as follows:
 As the gas cooler outlet temperature increases the exergy losses in the system increases due to the increase in the
optimum operating pressure ratio of the system.
 The exergy destruction of systems with expander is comparatively lower for all evaporating temperatures due to the work
recovered from the system itself using work recovery expander.
Fig. 7. Variation of total exergy destruction with gas cooler outlet temperature.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91 87 The exergy destruction in FGB and FGI multi-stage systems, increases sharply at high gas cooler outlet temperature, for all
evaporator temperatures. This is due to the increased mass flow rate in the second stage compression. Among the multi-
stage systems, IC system is found to have comparatively lower exergy destruction.
4.7. Effect of real time constraints
Effect of a few real time constraints like approach temperature (difference between gas cooler outlet temperature and
ambient temperature), pressure drop in gas cooler [14], compressors efficieny, degree of superheat, expander efficiency and
effectivenesss of IHX are considered. The effect of the real time constrants are shown for evaporator temperature 0 °C in
Fig. 8. The range and values of the real time constraints used in simulation is listed in Table 2.
Observation from the variation of real time constraints with gas cooler outlet temperature are as follows:
 Systems COP decreases with increase in approach temperature.
 Pressure drop in gas cooler contributes towards reduction in systems COP. However, the variation of COP with pressure
drop is less significant as compared to that with approach temperature.
 Compressor and expander efficiency influences the systems COP and with their increment, performance of the cycle
improves owing to the reduction in irreversibility.
 In practical systems, degree of superheat ensures dry vapors to the compressors while it has negative effect on systems
COP. As the degree of superheat increases the COP decreases. However, the rate of decrement is insignificant.
 At higher ambient operating temperatures, the use of IHX in basic cycle enhances the system performance and increases
with increase in effectiveness of IHX.
The actual heat transfer rate in the gas cooler is an important practical parameter. For the fixed refrigeration load 3.3 t
Fig. 8. Variation of COP with real time constrains.
Table 2
Real time constraints variation for the simulation.
Parameters Value/range
Evaporator temperature 0 °C
Gas cooler outlet temperature 35–55 °C
Compressor outlet pressure 8–12 MPa
Appraoch temperature 0–5 °C
Pressure drop in gascooler 0.1–0.5 MPa
Isentropic efficiency of compressor 60–85%
Isentropic efficiency of expander 50–75%
Effectiveness of IHX 60–85%
Superheating at compressors outlet 0–5 °C
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–9188and real time parameter ranges shown in Table 2. The actual heat transfer rate in the gas cooler (gas cooler capacity) are
calculated using set of (Eqs. (11)–15). Fig. 9 shows variations of gas cooler capacity with ambient temperature keeping
approach temperature at 5 °C, superheat of 5 °C, compressor efficiency 70%, expander efficiency 65%, effectiveness of IHX
70% and pressure drop in gas cooler 300 kPa.
Observation from Fig. 9.
 With increase in ambient temperature (gas cooler outlet temperature) the gas cooler capacity increases rapidly mainly
due to imposed upper pressure limit of 12 MPa. Further, gas cooler capacity decreases with increase in evaporator
Fig. 9. Variation of gas cooler capacity with ambient temperature.
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–91 89temperature mainly due to decrease in compressor outlet enthalpy.
 IC system is observed to have lower gas cooler capacity as compared to other cycles. This is attributed to use of inter-
cooler.
 In FGB and FGI multi-stage system, the gas cooler capacity are found to be comparatively high inspite of the fact that
these system reduces the second stage compressor discharge enthalpy. However, use of FGB and FGI systems reduces the
second stage compressor discharge enthalpy.5. Conclusions
In this study, various modification to trans-critical CO2 refrigeration systems are analyzed and compared with the basic
system. The comparison are based on energy and exergy evaluation for 10 kW (3.12 tonnes) cooling capacity. The overall
conclusions drawn from this study are as follows:
 Energy and exergy analysis of single and multi-stage trans-critical CO2 refrigeration system is carried out at 35–55 °C
ambient temperatures (typical Indian conditions). Comparative study reveals relative advantages of work recovery ex-
pander for all three applications. For chiller application, FGI multi-stage system is found to be comparable to the system
using expander.
 The systems with IHX are found to have a lower mass flow rate at higher ambient temperature. This implies that, systems
can be operated effectively at a lower gas cooler pressure. Further, performance of systems with IHX is comparatively
better at higher ambient temperature.
 For applications like refrigeration and air cooling, the multi-stage systems are found to have similar performance as the
basic system, and are less effective. However, the FGI multi-stage system is found to have a comparatively better per-
formance at all investigated gas cooler outlet temperatures.
 The operating pressure and mass flow rate are found to be higher for multi-stage systems although, compressor discharge
temperature is found to be lower. The IC multi-stage system is found to have a maximum operating pressure, this may be
S. Singh et al. / Case Studies in Thermal Engineering 7 (2016) 78–9190improved upon using more effective inter-cooler fluid than air.
 The study also reveals that the optimum interstage pressure deviates significantly from the geometric mean interstage
pressure. This implies there is requirement of simultaneous optimization of the gas cooler and interstage pressure.
 Among the real time constraints, compressor efficiency is found to be the most dominant in affecting the system COP,
further the gas cooler capacity increases rapidly with increase in ambient temperature.Acknowledgement
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p: Pressure, MPa
h: Specific enthalpy, kJ kg1
s: Specific entropy, kJ kg1
Pint: Interstage pressure, MPa
η: Isentropic efficiency
I: Irreversibility, kW
W: Compressor work, kW
m: Mass flow rate, kg s1
Q: Refrigeration effect, kW
D: Deviation
Subscripts
c: Compressor
ss: Single stage
ms: Multi-stage
bc: Basic cycle
e: Expander
gc: Gas cooler
ic: Inter-cooler
int: inter-stage
gm: geometrical mean
ihx: Internal heat exchanger
fgb: Flash-gas bypass
fgi: Flash-gas intercooler
t: total
II: Second law
1: First stage compression
2: Second stage compression
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Exp. valve: Expansion valve
Acronyms
CO2: Carbon dioxide
FGB: Flash gas bypass
FGI: Flash gas inter-cooler
IC: Inter-cooler
IHX: Internal heat exchanger
COP: Coefficient of performance
